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ABSTRACT 

Studies of three transient situations in gaseous detonations were 

made. The transient phenomena were obtained by propagating a detonation 

across a contact surface artificially introduced into the shock tube. 

Transverse wave trajectories were obtained by smoked foil technique as 

functions of the gas compositions on either side of the contact surface. 

The mechanism of disappearance of transverse waves was found to be the 

same in all cases. Theory and experiment showed that the strength of a 

transverse wave was independent of the degree of asymmetry of the inter- 

section. The asymmetric intersection is not necessary to cause decay of 

the wave system. 
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INTRODUCTION 

An established detonation is a supersonic combustion phenomenon 

consisting of a region of exothermic chemical reaction following and 

sustained by shock compression heating of the previously undisturbed and 

unreacted medium. Detonation waves in gaseous mixtures were first observed 

experimentally by Bertholet and Vieille in 1881 but it has been only 

within the past 20 years that investigators have begun to understand the 

complexities of this phenomenon. Within 2S years after the discovery 

of detonations, the classical, one-dimensional, steady flow, Chapman - 

2 
Jouguet (C.J.) theory for their existence had been developed. The C.J. 

model assumes that chemical reaction occurs instantaneously at the shock 

front and that the reaction products expand in a rarefaction wave following 

the shock front. Chapman and Jouguet independently postulated that the 

equilibrium state for a detonation wave should correspond to the simul- 

taneous solution of the equations of Rankine and Hugoniot (equations 

of mass, momentum, and energy transport across the detonation) which 

yields the minimum mass flow. The validity of this theory could not be 

verified at the time of its development primarily because of the lack 

of thermodynamic data, but some years later it was shown that experimental 

detonation velocities agreed to within a few percent of those predicted 

by the C.J. theory. It has turned out that this good agreement was unfor- 

tunate for it led investigators to believe that the one-dimensional, steady 

flow model was a good representation of the physical process involved. 

More recent results have shown that this is definitely not the case. 

In 1926, Campbell and Woodhead first noted the existence of detonation 

waves which were clearly not one-dimensional. They were studying detonations 

in limit mixtures (a gas mixture under conditions near its limit of 

detonability) and observed a three dimensional spinning mode detonation 



which followed a helical path as it propagatated in a circular tube. 

Until quite recently it was felt that the three-dimensional properties 

of these detonation waves were unique to detonations in limit mixtures. 

The one-dimensional model was still held as valid in the years 

f\ 7       **    ft 
1940 to 1945 when Zel'dovich , von Neumann , and Döring (Z.N.D.) 

independently proposed a more detailed version of the classical model. 

In the Z.N.D. model, one can account for zones of relaxation, induction, 

and recombination following the shock wave by application of the con- 

servation equations at these intermediate stages of the chemical reaction. 

This model predicts the existence of a von-Neuman pressure spike immediately 

behind the shock front and before the region of chemical reaction in a 

propagating detonation. Using high speed instrumentation developed during 

the Second World War, investigators attempted to experimentally observe 

the von Neuman spike but instead found that detonations contain a three- 

dimensional non-steady structure near the shock front. It was this dis- 

covery that finally cast doubt on the validity of the classical C.J. 

and Z.N.D. models. 

One of the primary experimental methods for studying the structure 

9 
of detonations is the smoke track technique. In 1875 Antilok first 

used this technique while studying spark phenomena. He found that when 

a spark was discharged near the surface of a plate coated with an even 

layer of soot, impressions were left in the soot. Denisov and Troshin 

were the f:irst to use this experimental method in conjunction with the 

study of detonations. They attributed the characteristic writing patterns 

left in the soot after the passage of a detonation wave over it to "breaks" 

in the detonation front. More recently, Duff  has stated that the 

writing is caused by Mach interactions on the detonation front coupled 



with transverse disturbances in the reaction zone behind the shock front. 

12 
Using a laser schlieren apparatus, Oppenheim  has recently observed these 

Mach interactions in the process of writing on a soot covered glass plate. 

To date the smoke track technique and other optical methods have been 

11-24 
used by many investigators in both round and rectangular tubes 

As a result of these studies we have at present a relatively clear under- 

standing of the major structural details of detonations propagating in 

a number of different exothermic gaseous mixtures. In general, one finds 

that all self-sustaining detonations possess transverse pressure waves 

moving across the front of the propagating detonation wave as it moves 

into fresh gas. It is these transverse pressure waves which produce the 

traveling Mach stem shock configurations at the front. Optical observations 

21 
by Voitsekhovski, Mitrofanov, and Topchian  (V.M.T.) have shown that 

these transverse disturbances extend well into the reaction zone of the 

detonation. This suggests a coupling between these waves and the reaction 

kinetics of the mixture. The transverse pressure waves generally appear 

23 
with a definite spacing and amplitude (or strength). Biller  has defined 

the strength of a transverse wave as the dimensionless pressure rise 

across the wave measured at the lead shock. It has also been determined 

through experiment that the structure of a detonation is highly dependent 

on the initial composition and pressure of the exothermic gaseous mixture 

and that it may be affected by the cross sectional geometry of the detonation 

tube. With this background of knowledge of the structure of the detonation, 

the emphasis in recent years has been on obtaining a fundamental understanding 

of the detailed mechanisms at work in the propagating detonation wave. 

In an attempt to provide a theoretical basis for the existence of 

transverse waves in self-sustaining detonations, and from experimental 



evidence, investigators have analyzed the reaction zone behind the 

detonation front. Using an acoustic theory, based on a coupling between 

the transverse disturbances in the reaction zone and the standing acoustic 

modes of the detonation tube, Fay  and Manson  independently determined 

the helical trajectory of single-spin detonations. More recently, Strehlow 

27 
and Feriiojides  proposed a theoretical criterion for the development of 

transverse waves in detonations. In an extension of this theory, Barthel 

28 
and Strehlow  have shown that a portion of a coherent acoustic wave front 

could become trapped in the reaction zone behind the shock front. The 

wave would then grow in amplitude and finally convolute yielding transverse 

acoustic waves with uniformly spaced multiple shock contact points. 

The theory also predicts that equilibrium contact spacings will be 

dependent upon the chemical kinetics of the reaction zone. In comparing 

results predicted by this theory and results obtained experimentally, 

22 18 
Watson  and Maurer  find qualitative agreement. Although quantitatively 

the theoretical and experimental results differ by an order of magnitude, 

the acoustic theory predicts proper trends in the effects of pressure, 

dilution, and reaction zone coupling on transverse wave spacing. One 

should not expect quantitative agreement however in using an acoustic 

theory to deal with a finite amplitude phenomenon. 

In the elementary theory for wave spacing it is contended that new 

transverse waves will develop linearly and spontaneously in a region between 

two waves which are too widely spaced in terms of the innate chemical 

29 
requirement for spacing . To derive experimental results related to this 

contention, one must perform transient experiments with detonation waves. 

*? A 
Adamczyk  has recently conducted an experimental study of the effect 
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of perturbing an equilibrium detonation (a time average steady 

detonation with regularly repeatable structure) by passing it over 

ramps in the detonation tube. His results support the elementary 

theory for wave spacing. 

In the present study, equilibrium detonations i\ave been 

perturbed by passing them through a region of concsatration 

gradients. Also a technique has been developed which allows us 

to use data from smoke foils along with theoretical calculations 

to predict transverse wave strengths at the intersection points 

of these transverse waves. By recording and analyzing the 

transient response of the detonation structure, we hope to learn 

more about the manner in which transverse wave strengths and 

spacings are established. 



EXPERIMENTAL APPARATUS 

AND PROCEDURE 

Vertical Detonation Tube 

In order to study the transient behavior of detonations, we 

have found it convenient to construct a vertical, spark ignition 

detonation tube (Figure 1). The vertical configuration allows us 

to create a diffusional interface between two gaseous mixtures of 

different densities and detonative properties. The higher density 

mixture is fed into the bottom of the tube with the lower density 

mixture above it, thus preventing mixing due to buoyancy effects. 

The tube is approximately 42 feet long and begins with the ignition 

section at the spark plug. To create turbulence and thus promote 

the transition from flame to detonation, a baffle type device is 

located in this section. It consists of four 1/8 inch diameter rods 

extending three feet into the tube with circular steel plates welded 

to these rods at right angles to the main axis of the tube. The 

circular plates are spaced evenly along the rods. Flow around and 

through the plates is sufficiently turbulent to promote the establish- 

ment of a detonation. The baffle device is shown in Figure 2. 
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After proceeding 10 feet along the 2 inch I.D. steel pipe 

of the initiation section, there is a transition to 3 inch X 1-1/2 

inch I.D. rectangular steel pipe. The transition section between 

these pipes is 8 inches long and simply makes a smooth transition 

between the two geometries. The detonation propagates another 

10 feet in the rectangular steel pJ.pe making two 90 degree turns 

at the top of the tube. After the second 90 degree turn, the 

detonation moves downward through the final 1 foot of rectangular 

steel pipe before it encounters the 3-1/4 inch X 1-1/2 inch I.D. 

extruded rectangular aluminum tube which extends 15 feet to the 

first test section. It is during its passage through this aluminum 

tubing that the structure of the detonation reaches the equil- 

ibrium configuration for the particular gaseous mixture in the 

top of the tube. The aluminum tubing is clad in 1/4 inch steel 

to prevent deformation due to the high pressure rise across the 

lead shock of the detonation front. 

The final 7 feet of the tube consists of two test sections 

separated by a sliding valve. The valve is constructed so that 

sections above and below it and the hole in the slide may all be 

filled independently when it is in the closed position (Figure 3). 

When the valve is open, or in the firing position, the hole in 

the slide lines up with the test sections above and below it thus 

creating a straight 3-1/4 inch X 1-1/2 inch I.D. tube for the last 

22 feet of the detonation's propagation. The test section above 



the sliding valve (the "2 foot" test section shown in Figure 4a) 

provides an 18.5 inch smoked foil record fcr monitoring the structure 

of the detonation before it encounters the concentration interface. 

Below the sliding valve is the "5 foot" test section containing 

55.5 inches of active smoke foil for recording the transient 

behavior of the detonation. Note that the smoke foils above and 

below the sliding valve are separated by approximately 7 inches 

and thus the first several inches of transient propagation will 

not be recorded (Figure 3). In both test sections, 3-1/4 inch 

diameter holes were cut in the back wall (opposite the cover plate) 

to accommodate models (Figure 4b). Two of these holes were c^t 

in the large test section while just one was cut in the "2 foot" 

section. Models, which perturb the detonation by mechanical mears, 

have been used in the past for studying transient behavior in 

24 
detonations  but were not used in this study. Thus the holes 

were plugged and the back surface of the test sections was smooth. 

Fcr ignition of the test gas, an aircraft type spark plug 

was used. The electrical energy was supplied by discharging a 

100 microfarad capacitor charged to 270 volts through the primary 

of a 12 volt automotive ignition coil. 

Smoked Foil Technique 

Data were recorded on .005 inch thick mylar sheets. The test 

section cover plate is first coated with a thin layer of silicone 

vacuum grease which is subsequently pressed out between the mylar 

sheet and the cover plate. This process securely fixes the mylar 

sheet to the test section cover plate. Before smoking the mylar 

surface, it must be thoroughly cleaned with acetone to assure 
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the removal of all grease.  Next the mylar surface is evenly coated 

with soot from a burning tongue depressor. Care should be taken not to 

hold the flame of the tongue depresser too close to the mylar as it will 

scorch and will yield very poor quality smoke foils. 

Filling and Firing Procedure 

Once the test section cover plates are prepared with smoked foils and 

bolted in place, the tube is vacuum sealed and is evacuated to a level of 

about 200 microns of pressure. Gas mixtures for the experiments ara made 

from commerically bottled gas and are prepared at least two hours-prjt?r to 

firing the tube to insure thorough mixing. For filling, the sliding va^ve 

is moved to the closed position and then the two gas mixtures of interest 

are injected simultaneously into the top and bottom of the tube through 

the two filling ports in the body of the slide (Figure 3). The pressure 

in both sections is monitored independently by two pressure gauges. After 

the final pressure is reached on both gauges, an external connection of the 

two fill lines is opened thus exactly equilibriating the pressures above and 

below the sliding valve. Any pressure difference would of course, cause 

mixing when the valve was returned to the open position. The 3-1/4 inch 

X 1-1/2 inch hole in the brass slide is filled at the same time and with the 

same gas as the top of the tube. With the pressures equilibriated, the 

sliding valve is opened and then after waiting a short time (usually 1 to 2 

minutes) the tube is fired with the activation of the spark source. 

For the case when the pressure of interest is near the limit pressure 

(lowest pressure at which a particular gas mixture will ignite and form a 

detonation front rather than a flame) it is sometimes necessary to "boost" 

the detonation with the ignition of a mixture with high burning velocity. 

To accomplish this, the tube is filled to about 80% of the desired pressure 
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by the procedure described previously. The sliding valve is then 

opened. Finally, a stoichiometric mixture whose density is greater 

than that in the top of the tube is added at the filling port next 

to the spark plug until the final pressure is reached. This 

stoichiometric mixture is the booster. When the final pressure 

is reached, the tube is sealed and fired in the usual manner. 

After firing, the tube is vented to the atmosphere and the 

test section cover plates are removed. The smoked mylar sheets, 

now showing the structure of the detonation, are sprayed with a 

clear lacquer tc pro-erve the record. 
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EXPERIMENTAL OBSERVATIONS 

Before discussing the experimental observations, it will be 

helpful to define several terms. In a rectangular detonation tube 

the detonation's structure is three-dimensional but smoke foil 

records show only two dimensions. We say that transverse waves 

propagating across the wide dimension of the rectangular tube are 

in the main mode. It is these transverse waves which write on the 

smoke foil. However, there is also a second set of transverse 

waves which propagate across the narrow dimension of the tube as 

the detonation progresses. We say that these waves are in the 

minor or "slapping" mode. Wall intersections of the slapping mode 

are seen on smoke foils as horizontal lines. Mode number is defined 

as the number of transverse waves in the mode of interest (i.e. 

if we count 4 transverse waves across the wide dimension of the tube, 

we say that the main mode number is 4). A second definition of 

interest is ceil length. The transverse waves traveling in opposite 

directions intersect producing "cells" which are approximately 

diamond shaped, Cell length is the distance from tip to tip of 

one of these cells measured in the direction of the detonation's 

propagation (Figure 5). 

We know that the structure of a detonation is highly dependent 

24 
upon the initial pressure of the gaseous mixture. Adamczyk  has 

shown the variation of main mode number with pressure for a par- 

ticular gas composition and tube geometry.  It is of interest to 
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reproduce his results here (Figure 6). Note that for some pressure 

levels there are two mode numbers which may occur. This overlap 

is explained as a coupling between the structure of the detonation 

and the tube geometry. As pressure is changed the chemistry of 

the system dictates a change in mode number but at certain points 

it may be overruled by the coupling effect. The point of this 

discussion is that in transient experiments based on composition 

gradients, the chemistry of the mixtures alone does not dictate 

structure. Acoustic coupling with the detonation tube also has 

an effect. Ideally, one should pick gas mixtures and pressure 

levels so that desired mode numbers have a high probability of 

occurrence. At the time of this study there were insufficient data 

on the seven combinations of gas mixtures used for the kind of 

matching mentioned above. The results of a survey of the hydrogen- 

oxygen-argon system currently being conducted in this laboratory 

should be useful for future experiments. 

With the proper choice of test gases, the vertical detonation 

tube can be used to produce a variety of different transient experi- 

ments. In this study, the experiments were based on three distinct 

transient processes. The effects on detonation structure and the 

test gases used in each of the three cases are presented in the 

following table. 
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Exp. No. Test Gas A 
(Top) 

Test Gas B 
(Bottom) 

Effect on 
Detonation Structure 

1 (2H2+02) + 50% AR (2H2+02) + 70% AR The system loses waves - 

2 (2H2+02) + 40% AR (2H2+02) + 70% AR 
Structure increases in 

size 

3 (2H2+02) + 50% AR (2C2H2+S02) + 70% AR The system gains waves - 

4 (2H2+02) + 70% He (2H2+02) + 60% He Structure decreases in 

5 (2H2+02) + 70% He (2H +02) + 65% He size 

6 (2H2+02) + 70% He 30% AR + 70% He Transverse waves decay 
I 

7 (2H2+02) + 50% AR 100% AR in the inert gas - 

Structure disappears    ■ 

Notice from this table that the test gas in the bottom of the tube always 

has a higher molecular weight. This is necessary for proper operation of 

the vertical tube. 

For each of the seven experiments, the detonation tube was fired from 

ten to twenty times. The pressure level was adjusted in the initial shots 

until the equilibrium structure before the diffusional interface was regular 

and had the proper mode number. No trouble was encountered with the acoustic 

coupling discussed in the beginning of this section. At a fixed pressure 

level, the results on the smoke foils were in general quite reproducable. 

We shall now discuss experimental observations made for each of the seven 

experiments listed above. 
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1.  (2H2 + 02) + 50% AR: (2H2 ♦ 02) + 70% AR 

This combination was fired at 65 mm of pressure and made a transition 

from a 3 X 6 mode before the interface to a 2 X 4 mode after it (Figure 7). 

Thus in the transient process, two waves were lost from the main mode and 

one was lost from the slapping mode. Recall that only the paths of the 

transverse waves in the main mode are recorded on the smoke foil and that 

wall intersections of the slapping mode appear as horizontal lines. The 

first noticeable change on the smoke foil is that the wave spacing becomes 

uneven. This is particularly apparent at about the 22 inch mark in Figure 7. 

Looking at the two waves which disappear, we jee that both moved closer 

to the waves they followed and away from the waves which followed them. 

When the distance between the decaying waves and the waves they were moving 

away from became about three times greater than that between the decaying 

waves and the waves they were approaching, the decaying waves stopped writing 

on the smoke foil. The three waves that disappear did not disappear simul- 

taneously but disappeared at different times. The incomplete impression 

left by the wall intersection of the slapping wave at the 34 inch mark is 

an indication that it has decayed. The second wave disappears at the 41 inch 

mark and the third at the 49 inch mark. Notice that the points where the 

waves stopped writing are evenly spaced along the length of the tube. 

To confirm the fact that transverse waves disappear from the slapping 

mode in the same way as they disappear from the main mode, a smoke foil was 

taken along the edge of ths test section on a later shot. The results are 

shown in Figure 8. Note that the wave disappears through the same mechanism 

as in the main mode. 
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2. (2H2 + 02) + 40% AR:  (2H2 + 02) + 70% AR 

In order to study the decay of more waves in one transition we reduced 

the dilution of argon in the top gaseous mixture. This produces a smaller 

structure (more waves) than a 50% argon diluted mixture at the same pressure. 

Firing the tube at a pressure of 60 mm we saw a transition from a 3 X 7 

mode to a 2 X 4 mode. Thus, in this case 3 waves decayed from the main 

mode. Again, the waves that decayed changed their relative spacing just 

as before and they disappeared one after another with their points of 

disappearance spaced fairly evenly along the length of the tube. 

3. (2H2 + 02) + 50% AR:  (2C2H2 + 502) + 70% AR 

Our purpose with this combination was to make a transition from large 

structure to small and thus to generate new waves in the system. Stoichio- 

metric acetylene-oxygen diluted with argon is known to have small but 

regular structure. The results were rather disappointing however. Allowing 

the usual 1 to 2 minutes after opening the sliding valve for diffusion 

and for any motion of the gases to stop, we found that the transition 

occurred very rapidly in the vicinity of the sliding valve where there 

was no smoke foil. If the gases were allowed to diffuse for about ten 

minutes a transition could be seen on the top smoke foil (Figure 9). 

Due to the complexities of the multicomponent diffusion problem, the 

mixture composition where transition occurs is unknown. 

4. (2H2 + 02) + 70% He:  (2H2 + 02) + 60% He 

Because wave spacing increases with the dilution of a gas mixture 

with an inert gas, and because the molecular weight of helium is less 

than that of a stoichiometric hydrogen-oxygen mixture, this combination 

of gases worked quite well in producing new transverse waves. The mixture 
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was fired at a pressure of 140 mm and from Figure 10 wa see that a 

transformation is made from a 2 X 4 mode to a 4 X 8 mode. The structure 

proceeds to the 12 inch mark with little apparent change. However, between 

the 12 and 18 inch marks, the intersections become very unusual (Figure 11). 

Approaching an intersection, the triple point trajectories are usually 

curved and concave to an observer inside the cell, but notice in Figure 11 

that the trajectories first become straight lines and then convex curves. 

The behavior of the transverse waves after the intersection is also unusual. 

The angle a becomes quite small and the wave trajectories curve drastically. 

Looking at the 24 inch mark we see that each of the original waves appears 

to have become two new waves. These eight waves then adjust and become 

more regular as they progress along the foil. It is also interesting to 

note that (2H- + 0-) + 60% He does not ordinarily support eight waves 

in the main mode. Firing this gas alone in the vertical tube produces 

a sixth mode structure. Another interesting detail of the structure are 

the inverted "vee's" which follow some of the intersections. Notice that 

these vee's appear only if the slapping wave strikes in the first half 

of the cell containing them. Also note that farther along the smoke foil 

after the original waves have broken up to form the new set, the vee's 

no longer appear. 

5.  (2H2 + 02) + 70% He:  (2H2 + O^ + 65% He 

Our next thought was that in order to study the early transient 

behavior seen in the previous case, we could reduce the transition driving 

force and perhaps spread the early behavior out over a longer period of 

time. Firing into this mixture, we found that the 4X structure presisted 

for the entire length of the bottom smoke foil (Figure 12). Little change 
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in structure can be seen but the vee's are again present and the triple 

point trajectories approaching an intersection are relatively straight 

lines. Notice the extreme regularity with which the slapping mode intersects 

the main mode in this foil. 

Next we tried (2IL + 0„) + 63% He in the bottom of the tube hoping 

to produce a transition. Again, firing the mixture at 140 mm produced 

a 4X structure along the entire length of the tube. However, if the mixture 

was fired at 150 mm of pressure, transition to an 8X structure was again 

made and in the same manner as observed in experiment number four. 

6. (2H2 + 02) ♦ 70% He: 30% AR + 70% He 

This experiment was concerned with the decay of transverse waves in 

an inert gas. The mixture was fired at 140 mm of pressure producing an 

equilibrium 2X4 structure before the diffusional interface (Figure 13). 

In the inert gas, the triple point paths become straight lines as the 

detonation progresses. Writing on the smoke foil gradually becomes lighter 

until near the 40 inch marks where the triple point paths are barely 

visible. It was found that as the initial pressure of the detonative 

mixture was increased, the distance along the detonation tube to the point 

where writing ceased also increased. 

7. (2H2 + 02) + 50% AR:  100% AR 

Similar behavior was observed for this combination as in the previous 

experiment. However, the smoke foil records were not as clear and hence 

are not shown here. 



ANALYSIS 

Eyman  has presented an analysis of the intersection of two transverse 

waves of equal strength (i.e. a symmetric intersection). The analysis 

presented here is an extension of his work to include intersections of 

waves of unequal strength. The geometry of these intersections is 

asymmetric.  First, let us consider the assumptions involved in this 

model. Figure 14 shows the structure of the intersection model for two 

times--one just before and one just after the intersection. 

Assumptions 

1. The intersection can be modeled as a two-dimensional 

phenomenon. Thus the detonation is assumed to be planar. 

2. Near the triple point of the Mach stem configurations 

the shock segments are straight lines and have constant 

velocities. 

3. Shock polars may be used to solve for the Mach stem 

configurations. 

4. The orientation and Mach number of MS., and I, are 

identical as are those of MS2 and I. (Figure 14). 

5. The effects of chemical reactions can be ignored. 

6. The gases are ideal but shock polars must be 

constructed using the JANAF tables. 

Method of Calculation 

On the basis of the above assumptions, a Fortran computer code was 

developed which would calculate the entire intersection geometry, the 

strength of the four transverse waves involved, and all properties of the 

four Mach stem configurations for any gas mixture, pressure, temperature, 

and degree of asymmetry. A modified version of a program written by 
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Strehlow was used as a subroutine for the calculation of Mach stem properties. 

Given the Mach number of the incident shock and the angle between the 

incident shock and the incoming flow (the angle 8), the subroutine 

calculates the configuration and all properties of the Mach stem. The 

Mach number of the incident shock approaching the intersection was taken 

as 85% of the C.J. Mach number for the particular mixture considered. 
%: 

on        17 
In view of results obtained by Steel  and Eyman  this is a reasonable 

estimate near the point of intersection. The entrance angle * was chosen 
I 

in the range from 60° to 80° as this corresponds to experimentally observed 

I• 
values. The first step in the calculation was to choose values of *, 

I 
3j, and 0-. Note from Figure 5 that they must sum to 180°. After choosing 

# (in the range from 60° to 80°) the choice of ß. and 82 is arbitrary 
I 

as long as the values of 8 yield a Mach stem solution. As the difference 

in 8. and g- increases, the intersection becomes more asymmetric. Having 

established values for 8, and 62, and with the assumed value of incident 

shock Mach number, one can calculate the properties of the two Mach 

stems which occur prior to the intersection. Using these results and 
i 

assumption number 4 above, the relative orientation and Mach numbers 

of I, and I. are known. The iteration scheme used to converge on the 

correct answer is based on the fact that for any intersection, MS. and 

MS, must have the same orientation and Mach number. Picking 8, arbitrarily 

allows us to calculate the properties of Mach stem number 3, in particular 

the orientation and Mach number of MS.. We now iterate on %.  until the 

orientation of MS. matches that of MS.. At this point the Mach numbers 

of MS, and MS. are checked. If they do not agree, 8, is changed in the 

proper direction and the iteration loop continues until MS, and MS. lie 

along the same line and have the same Mach number. 
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Results of Calculations 

The intersection program was constructed so that experimental values 

of <K, ti/_, and * could be used along with the calculated data to predict 

strengths of the transverse waves for asymmetric (or symmetric) inter- 

sections. Working graphs resulting from the theoretical calculations 

are shown in Figures 15 and 16. Figure 15 is a plot of ^ vs. ip- with 

* as the parameter for a particular gaseous mixture, incident Mach number 

and initial pressure. Note that ip. is assumed to be the smaller of the 

two angles ij< and that ip. = i|/_ corresponds to symmetric intersections. 

Figure 16 is a plot of the angles if» versus strengths of the two transverse 

waves before the intersection for the same conditions as in Figure 15. 

Again the ij». = ij>2, S.= S- line.corresponds to symmetric intersections. 

Note that as ij; increases for a given *, the strength of the transverse 

wave decreases. Therefore, in an asymmetric intersection, the wave which 

is deflected most at the point of intersection is the weaker of the two 

waves. 

In dealing with symmetric intersections, Eyman found his results 

to be quite insensitive to the Mach number of the incident shock and the 

degree of inert gas dilution of the combustible mixture. This same lack 

of sensitivity is also true of asymmetric intersections as is shown in 

Figures 17, 18, 19,and 20. Our experimental measurement of *, $.,  and 

4>2 is  over determined in the sense that three items are measured to determine 

two transverse wave strengths. The lack of sensitivity of * to the 

incident shock Mach number prevents us from using it to determine the 

incident Mach number. This is fortunate in one sense however, for as 

a result, even a relatively large error in the assumed value of incident 

Mach number will have a small effect on the results of the calculation. 
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Prior to the intersection of two transverse waves, the lead 

shock of the detonation front between these waves is the incident 

shock. After the intersection the shock between the transverse 

waves is the Mach stem shock whose velocity is somewhat higher than 

23 
that of the incident shock, filler  has stated that the shock 

front velocity makes a discontinuous "jump" increase from about 

80% of the CJ velocity to about 120% of the CJ velocity at the 

point of intersection. This result remains valid for asymmetric 

intersections. 

Another interesting and useful result of the calculations is 

that along a particular wave 3 increases slightly (not more than one 

degree) as it passes through the point of intersection. Thus in 

Figure 14, 8. is slightly greater than 6, and 83 is slightly greater 

than Si-'    Also the strength of a particular transverse wave decreases 

very slightly (one percent or less) after an intersection. Both of 

the above results are true for any degree of asymmetry. 
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DATA REDUCTION 

Our purpose is to determine the strength of transverse waves 

by using the structure left on smoke foils after the passage of detonation 

waves over them. The vertical detonation tube provides us with a 

2 foot record of the equilibrium structure of the detonation prior 

to its encountering the diffusional interface. Then the transient 

response is recorded on the 5 foot smoke foil following the interface. 

In the previous section we showed that knowing the angles ^., ij>2, 

and *, we could determine the strengths of the transverse waves prior 

to the intersection. Therefore, these three angles were measured 

for each intersection on those smoke foils which were reduced (Figure 21). 

The numbering system shown in Figure 22 was found to be convenient 

for labeling waves and intersections. Notice that intersections 

are identified by the numbers of the intersecting waves. Wall inter- 

sections were assumed to be symmetric and thus the angle */2 was 

measured as the angle between the triple point trajectory and the wall. 

It is possible to measure this angle since bolting the cover plate 

onto the test section leaves an impression showing the position of 

the test section wall on the smoke foil. 

The plot of i>.  versus iju with * as the parameter (Figure 15) 

is used as a check on the accuracy of measurement of the angles and 

also to provide consistency between measured quantities and theoretical 

calculations. Suppose, for example, that our measured results are: 

* = 70°, tj/, * 20°, i|>- ■ 35°. From Figure 15 we note that these measure- 

ments are not consistent with theoretical calculations. We assume 
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that in the neighborhood of the intersection (where the angles are 

measured) the assumptions of our analyses are valid. Therefore, 

inconsistency between measured and calculated angles indicates errors 

in reading angles. We must now decide which angle or angles should 

be changed. Of the three angles which are measured, 4> can be measured 

the most accurately. This is because the radius of curvature of the 

triple point path is greater before than after the intersection and 

it is much easier to find tangents of curves of large radius of 

curvature. Since the * measurement is the best of the three angles, 

it should not be changed. Also, we cannot assume that either of the 

angles ty is more accurate than the other. It is more likely that 

their relative magnitudes are nearly correct since they were measured 

at the same time. Thus we conclude that the best adjustment is to 

assume that * is correct and then to change the values of both angles 

i//, and \l>~  in the same direction, keeping their relative magnitudes 

nearly the same. In general, the required adjustment on iK and i^~ 

is less than 3 degrees. Once * ,iK and v2 have been established and 

are consistent with theoretical calculations, Figure 16 is used to 

determine the strengths of the transverse waves. 

We have mentioned previously that wall intersections are assumed 

to be symmetric. Thus #/2 is measured on the smoke foil. Since the 

measured angle must be doubled to yield the correct value of 4>, any 

error in measurement is also doubled. To keep the accuracy of measurement 

of wall angles consistent with the rest of the measurements, the smoke 

foils were enlarged for reading the wall intersection angles. 
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Assuming that \|>. and i[i_ are measured and adjusted to an accuracy 

of +_ 1.5°, the corresponding strengths can vary as much as one tenth. 

Admittedly, this error is rather severe but since all data were recorded 

and reduced by one investigator, errors should be consistent. Therefore, 

proper trends (if not proper magnitudes) of strengths should be shown 

in the results. 

It has been noted in the past and also by this investigator that 

when the slapping mode of the detonation intersects the main mode 

slightly before the point of intersection of two transverse waves in 

the main mode, the angle 4 becomes distorted and quite large (Figure 23). 

Intersections with * greater than 80° were generally of this type and 

were not reduced. 
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RESULTS OF THE ANALYSIS 

To get meaningful results from a smoke foil record, the structure 

on it must be fairly regular and the writing patterns must be clear. 

It is quite difficult to obtain a good, five foot long smoke foil due to 

the artistry involved in the smoking process. Smoke foil records from 

four of the seven experiments performed have been reduced. These smoke 

foils (Figures 7, 10, 12, and 13) are the best that were obtained from 

the ten to twenty shots in each experiment. In general, over 90% of the 

intersections were clear enough to be reduced. Structures of low mode 

numbers are also desirable for analysis purposes due to the large number 

of angles that must be read and the bookkeeping problems which arise as 

the mode number increases. We shall discuss each of the four records 

separately in the following paragraphs. 

1.  (2H2 + 02) + 50% AR:  (2H2 + 0^ + 70% AR 

In the experimental observations section we discussed how the two 

waves that failed moved closer to the waves they were following and farther 

from the waves they followed. Figure 24 is a plot of the x,y location of 

wave intersections where wall intersections are "unfolded" or treated like 

mirror reflections. This figure shows the relative movement of all the 

waves as the detonation propagates down the tube. Figures 25 and 26 are 

plots of strength as a function of x for two waves: wave number 4 which 

did fail, and wave number 5 which did not fail. Note that strength 

oscillates severely in both cases and that one cannot predict that wave 

number 4 will fail by looking at its early behavior. Also notice that at 

failure, wave number 4's strength decays quite rapidly (in three cell 

lengths). Figure 27 is a plot of the strength of the centerline intersections 

versus x. The oscillation is less severe in this case, particularly from 

the 16 inch mark on and most intersections are symmetric or nearly so. 

Figure 28 is a plot of the strength of the wall intersections versus x. 



26 

There is a phase change noticeable on this plot (i.e. out of phase, in 

phase, out of phase, in phase). This suggests that a higher mode of low 

amplitude oscillation is present at ';he detonation front as it propagates. 

Also note that there is a general decrease in strength along this plot. 

Figure 29 is a strength versus x plot for wave numbers 2 and 5. Note that 

the strengths follow one another reasonable well. The same sort of 

following behavior was found for the wave pairs 1 and 4 and 3 and 6. 

2. (2H2 + 02) + 70% He:  (2H2 + 02) + 60% He 

This foil was reduced only up to the 22 inch mark because after that 

the structure becomes too irregular to be suitable for analysis. It was 

hoped that something of interest might be revealed in the early transient 

behavior of the detonation. The strength versus x plots for all four 

waves were quite similar. Figure 30 is such a plot for wave numbers 

1 and 3. Note that the strength oscillates regularly up to the point 

where the unusual structure occurs (near the 12 inch mark of Figure 10). 

From there the strength decreases to a quite low value at about the 17 

inch mark but increases again after that. In Figure 10 we see that a 

new cell appears (faintly) near the 14-1/2 inch mark. The strength of 

existing waves must be used in creating this new cell because the sharp 

decrease in strength of these waves takes place simultaneously with the 

generation of the new waves. 

3. (2H2 + 02) + 70% He:  (2H2 + 0^ + 65% He 

In the experimental observations section we mentioned that after the 

18 inch mark of Figure 12, the structure for this record becomes very 

regular. This figure shows that the intersections of the slapping mode 

with the main mode occur at the same cell position each time. Also note 

that these intersections are quite close to the intersections of transverse 

waves in the main mode. Evidence from past studies has shown that this 
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Situation increases the angle #. From our theoretical work we realize 

that increasing * increases the strength of both transverse waves involved 

in the intersection. Plots 01 strength versus X for this combination 

of gases has shown that indeed the slapping wave intersections with the 

main mode can increase the strength of the transverse waves. Figure 31 

is a plot of strength versus X for wave number 1. Note that from the 12 

inch mark on, the strength apparently undergoes a pure oscillation about 

a line drawn through a strength of approximately 0.575. Figure 32 is 

a strength versus X plot for two waves: numbers 1 and 3. Note that the 

strengths follow each other very closely except for the first few inches 

of the plot. It is in this region where the cell length of the structure 

is decreasing rapidly. We found that the strengths versus X plots of 

all four waves followed one another quite closely in this system. Figure 33 

is a plot of strengths of the centerline intersections as a function of X. 

Note that there is little variation in strength in this plot. The wall 

intersections also have nearly constant strengths (Figure 34). Referring 

to Figure 12 we see that both the centerline and the wall intersections 

are not effected by the slapping mode intersectioi.s with the main mode. 

Thus, it appears that the slapping mode is the primary cause of the severe 

oscillatory behavior in the strength of the transverse waves and that 

when perturbed by the slapping mode, a transverse wave in the main mode 

simply oscillates around an average strength. The final observation 

made from Figures 33 and 34 is that wall intersections are consistently 

of higher strength than the centerline intersections. 

4.  (2H0 + 02) + 70% He: 30% AR + 70% He 

Our primary interest in this experiment was to determine the rate of 

decay for a transverse wave as it passed into an unreactive gas. Figure 35 a 
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shows the strength versus x curve for wave number 1. Assuming an exponential 

decay in the strength of the wave we plot natural log of strength versus 

x and fit a straight line through these points. The plot is shown in 

Figure 36.  Assuming an average cell length of 1.52 inches for this 

gaseous mixture we find that the decay rate is about 7 percent per cell 

length. The other three waves in the system exhibited a similar decay 

behavior. It is interesting to note that the rate of decay of the waves 

in experiment number 1 was much faster than that in an inert gas. Thus 

it appears that the waves in experiment number 1 were forced to decay. 
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CONCLUSIONS 

We shall break our conclusions up into two categories: con- 

clusions from the theoretical treatment of an asymmetric intersection 

and conclusions from experiment and analysis. As is often the case 

for new experimental techniques (the vertical detonation tube), some 

of the results derived in the transient experiments are still unexplained. 

Our purpose in this section is to reiterate observations of interest 

and to provide explanations when possible. 

Conclusions From the Theory 

The assumptions made in the theoretical treatment of asymmetric 

intersections are all reasonable and therefore we expect our results 

to be an accurate representation of the physical process. Perhaps the 

most interesting result is the fact that the strength of a particular 

transverse wave decreases less than one percent as it passes through 

an intersection regardless of the degree of asymmetry of the inter- 

I 
1 section. Since the measured decay rates for transverse waves in an 
! 
ft' 

inert gas are far greater than this, we can conclude that the asymmetric 

i 
intersection itself is not the mechanism for wave decay. We have also 

I confirmed the fact that the incident shock velocity "jumps" at the 

intersection from about 80% to 120% of the C.J. veloctiy. This result 

is again true for any degree of asymmetry and is a function of the 

entrance angle *. Finally, we have shown that the intersection geometry 

is only slightly dependent on the incident shock Mach number and the 

amount of inert gas dilution for any degree of asymmetry. Thus, 



experimental measurement of the entrance angle ♦ cannot be used to 

determine the incident shock Mach number. 

Conclusions From Experiment and Analysis 

In this study we have observed three unique transient situations. 

In the first, the established, equilibrium detonation encountered 

fresh gas which normally supports fewer transverse waves than the gas 

before the diffusional interface. Therefore, waves are lost as the 

detonation progresses into the fresh gas. In all smoke foil records 

of this process which have been taken to date, the mechanism for 

disappearance of the waves is apparently the same. In all cases the 

decaying wave moves closer to the wave it is following and farther 

from the wave that follows it. This change in the relative spacing of 

the waves occurs quite gradually and is readily apparent on the smoke 

foil records. It is interesting to note that strength versus distance 

plots made for the decaying waves do not show a gradual decrease in 

strength corresponding to the slow change in spacing. In fact the 

S versus x plots of decaying waves show no indication of wave failure 

until very close (i.e. 4 or 5 intersections before) to the point where 

writing ceases on the smoke foil. Also the rate of wave decay observed 

in this process is much more rapid than the decay of a transverse wave 

progressing into an inert gas. We conclude from this that in this 

first transient situation there is a driving force causing the rapid 

wave decay rates. We have also found that waves do not disappear 

simultaneously but at different times and that the points of wave 

disappearance are generally evenly spaced along the length of the tube. 

Smoke foils of the slapping mode have shown that the mechanism for wave 

disappearance in this mode is the same as that in the main mode. 
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In the second transient situation, waves were generated as the 

equilibrium detonation encountered the new gaseous mixture at the 

diffusional interface. It was found that for each of the transverse 

waves in the original equilibrium detonation, one new wave was generated 

even if the new gas does not normally support that many waves. As 

the new collection of waves progresses down the tube, their spacing 

becomes more regular. We assume that some of these waves would eventually 

decay so that the final structure would match that of a normal equil- 
f. 

ibrium detonation in the bottom gaseous mixture. This decay was not 

seen in the 5 foot smoke foil records taken in this experiment however. 

I 
We can conclude from these observations that under certain circum- 

stances a particular gaseous mixture can support a higher mode number 
f 

than it normally would support for a given initial pressure. TMs 

result is in agreement with conclusions drawn by Adamczyk. Recall from 
§. 
"i 

the experimental observations section that if the amount of inert gas 

dilution was changed from 60% to 65%, the transition from the 4X to 

1 
the 8X structure in the main mode did not take place within the 

5 foot length of the smoke foil for any of the initial pressures that 
i I 

we studied. However, for 63% dilution, transition did not occur for 
i 

140 mm of pressure but did occur for 150 mm of pressure. This implies 

that the transition is dependent upon reaction rates. We hesitate to 
I 

draw too many conclusions from these observations primarily due to the 

I.. 
small number of records taken and the probability factor involved in 

the occurrence of a particular mode for a given pressure. We do feel 

though that there is a "threshold" which the detonation must reach 

before new waves can be produced. Strength versus distance plots for 

this experiment showed a marked decrease in the strength of the original 

transverse waves at the point where the new waves were first visible. 
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Therefore, energy must be transferred from the old waves to the new 

ones as the new waves are created. 

In the third transient situation, the transverse waves simply 

decayed as they moved into an inert gas. As soon as the detonation 

propagates into the inert gas it becomes a simple shock wave. However, 

the transverse wave trajectories still propagate across the front 

for some distance. Eventually, the trajectories become straight lines 

and finally stop writing on the smoke foil. Analysis showed that wave 

decay rates in the inert gas were of the order of 7% per cell length. 

The strength versus distance plots in all three of the transient 

situations showed that in a rectangular detonation tube, the strength 

of transverse waves is oscillatory about an average value. Also, the 

regularity of the slapping wave collisions with waves in the main mode 

appears to be directly related to the regularity of the strength 

oscillations. In experiment number 4, slapping wave intersections 

with the main mode often appear to be the origin of new waves, but 

from the above results we suspect that the slapping wave intersections 

have momentarily strengthened the new waves in the main mode enough 

so that they write on the smoke foil and therefore appear to emanate 

from the slapping wave intersections. In experiment number 5, center- 

line and wall intersections were not affected by the slapping wave. 

Strength versus distance plots for these intersections were essentially 

not oscillatory (to the degree of experimental accuracy) and therefore 

we conclude that the slapping mode merely perturbs the strength of the 

waves in the main mode causing them to oscillate about some average 

18 
value. Since planar detonations have been seen experimentally , 

we also conclude that the oscillations in strength are not required 

for the self-sustenance of detonations. 
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Another result found from all the smoke foils that have been reduced I 
to date is that wall intersections are stronger than centerline inter- 

I 
sections. We suspect that this is due to a boundary layer effect 

l 
behind the incident shock of the detonation front but are not able to 

I I 
I provide a detailed explanation for this observation at this time, 
i 

We hope that this study will provide a useful background for 

future transient experiments. Careful experimentation with the transient 

situations discussed in this report should yield valuable information 

about details of the transverse wave mechanisms involved in self- 

sustaining detonations. 

I 
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O O 

Filling  Position (Closed) 

Firing  Position (Opan) 

Figure 3.    Schematic diagram of the sliding valve assembly showing 
both the filling (ciosed) and firing (open) positions. 
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Figure 13.   Smoke foil record showing the decay of the transverse 
waves as the detonations propagate into an inert gas. 
The gas mixture in the upper section was (ZHg + 0?) + 70% 
He and the mode number corresponding to an initial pressure 
of 140 torr was 2 X 4.   The gas mixture in the bottom 
section was 30% Argon plus 70% Helium. 



45 

(DO. 
0) 

■""I  11 rTTTTTTTT 

• <o 
<u .  co 
a: J- o> 

cu c 
ÄS.O 10 
O E JZ 
l>»  3  O 

c 
+      o 

<v e 
CMO (A 

O   E-r- 
+ I2 

CMr- ttl 

CM.O 4-> 

rTTTTTT 1  I   '  I  ' 
S        2 I 

T 
o 04 N 

C-r- o> 
•r» 3   3 

CTO 
cu cu-c 
-a     +J 
O io i— 
E -P io 

•r" 
*1" C/> 

X>r- 
X   C-t- 

lO  IO 
CM +-> 

QJ   CD 
<0 3C T3 

CSSi— 
•r- LT)   IO 

IO   S- 
C7> 3 
C + -M 
•r- Ü 
4->,— 3 
(0 CMS- 
0>0 +J 

IO (/) 
CL + 
O C 
S-     CMi- 
n.:n 

CM  V) 

O      o> 
•i- in C 
+>T- 18 
<o     _c 
ceo 
o o 
+J •■- CO 
CD 4-3 .C ■a o +J 

cu 
(O </>   CU 

o 
o cu +-» 

5 O 
■ooz 
S-r- 
o 
o cu   • 
CU -C IT) 
s_ +-> 

X 
•— c 
•r- -r- CO 
O 

<4-   CU   W) 
S- -i- 
3 

S- 
X s- 
•r-   O 

■a 
s- 
o 
o 
cu 
S- 

o 
.E 
+-> 
en 
c 
cu 

CD 
C o 

QJ 

O 
E 

s- 
0) 
.a 
E 
3 
C 

CU 
■o 
o 
E 

<0 
T 

* CM (0 CM CM    5 CM 

CU 
S- 
3 



47 

i 

CO 
2 



48 

I! 

o 
m 

o 

s 

o 

if) 
CM 

o 
CM 

tfi 

Jo 

<u 

0> 
■o 

•5?1 

rr 
< 

o 
+ 

O 
+ 

CM 

c\i 

a: 
o 
u. 

D 
<n 
DC 
u 
> 

UJ 
cc 

Jin 

^1 
if) 
f0 

o If) 
CM s If) If) 

(S9di6dp)   //i 



49 

50  - 

s   s 
I »     2 

FIGURE  16       }   VERSUS   S 

FOR (2H2+ 02) + 70%AR 



<r 
< 
* 
X o 
+ O 
^^ 00 

+ 
II 

N 
X 
M 

I 

(saaJÖap) ^ 



■r 

1,, 

55 

50 

45 

40 

-^35 
« 
w 

^«•25 

20 

15 

10 

5! 

0 

0%AR 
20%AR 
50%AR 

70%AR 

(2H, + 02) + X%AR 

4>»80° 

± JL ± 
0      0.2     0.4     OS     0.8       L0      1.2       L4      1.6       L82.0 

S,, S2 

FIGURE  18      VARIATION   OF   f vs S   WITH   INERT 

GAS    DILUTION 



52 

< 

O 

+ 

M 
X 
CM 

e 
O 
CO 

M * 
in O 

o 
i 

o </> 
in 

»- 
z 
LÜ 

00 O 

O 
z 

\0 
«■ I 

5T 
* V 

^-» CO 
<A > 
0> CM a> -*-~ 

a> U. 
■o o 

o *--* 
5T *F 

1 z 
o 
1- 

00 < 

< cc 
> UJ 

(0 
10 CD 

o> 2 
Z 

<t UJ 
IO cc X z> Ü o < 
CM 
10 u_ 2 

IO 
«o 

o 
10 

in 
CM (VI in m 

(S9dJ6dp)  //i 



50" 

43- 

40 

35" 

— 30 
0) 

?25 

V20 

15 - 

10 

53 

0.2 0.4        0.6        0.8 1.0 

s„s2 

1.2 1.4 1.6 

FIGURE   20    VARIATION   OF  ^ vs S   WITH   INCIDENT 

SHOCK   MACH NUMBER 



54 

GO 

O 
=> 
Q 
O 
ce 
o_ 
UJ 
ce 

i— 
o 

FIGURE  21       THE    THREE   ANGLES 
WHICH   ARE   MEASURED   AT EACH 

INTERSECTION 



55 
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